Blood vessels are composed of two interacting cell types: endothelial cells, which form the inner lining of the vessel wall, and perivascular cells (referred to as pericytes), vascular smooth muscle cells (vSMCs) or mural cells, which wrap around the vascular tube [1] [2] [3] [4] . Owing to their contractile capabilities and their multiple cytoplasmic processes, pericytes have mainly been associated with stabilization and haemodynamic processes of blood vessels 1, 3 . During blood vessel formation, pericytes first detach from the blood vessel wall that becomes degraded, thereby enabling endothelial cells to move into the surrounding matrix to form new blood vessels 5, 6 . Immature blood vessels can form without or with pericyte contact 7, 8 . Pericytes are recruited by PDGF-B-expressing endothelial cells to remodel, stabilize and mature the new vascular tube 2, 9, 10 . Indeed, mice that lack either PDGF-B or PDGFRβ show severe deficits in pericyte coverage of blood vessels [11] [12] [13] , leading to widespread microvascular leakage, haemorrhage and oedema formation 10, 14, 15 . It is believed that pericytes govern vessel stability and function through paracrine and cell-cell contact with endothelial cells by influencing each other's mitotic rate, differentiation and growth arrest 2, 9, 16, 17 . During pathological angiogenesis in tumours, pericytes appear to have structural and morphological abnormalities. They are frequently more loosely associated with blood vessels, and reduced in number when compared with normal tissue 18, 19 . For these reasons, pericytes are regarded as abnormal or dysfunctional in tumours but are rather neglected as important cell constituents in tumour angiogenesis.
Recent data from our group and others point in the opposite direction. During a study of the underlying mechanisms of stage-specific regulation of angiogenesis in the transgenic mouse model of pancreatic islet carcinogenesis (Rip1Tag2) 20 , we found that the broad spectrum receptor tyrosine kinase inhibitor SU6668, which preferably targets PDGFRβ, is able to regress blood vessels by detaching pericytes from tumour vessels in bulky tumours and thereby restricts tumour growth and stabilizes the cancer 20 . In addition, SU6668 diminished pericytes in xenograft tumours and restricted tumour growth 21, 22 . Taken together, these data suggest that tumour pericytes are important vascular cell constituents that support the tumour vasculature. We report here the identification of PDGFRβ + perivascular progenitor cells in tumours that are partly recruited from the bone marrow and differentiate into mature pericytes eliciting vascular stabilization, maturation and survival.
RESULTS

PDGFRβ
+ perivascular cells are distinct from mature pericytes in tumours Previously, we reported that PDGFRβ + cells in pancreatic islet tumours of Rip1Tag2 mice are closely associated with the tumour vasculature 20 ( Fig. 1a) and defined them as perivascular cells (PDGFRβ + PVCs). We also demonstrated that the PDGF ligands B and D for PDGFRβ are expressed in tumour endothelial cells 20 , reflective of paracrine communication pathways similar to the vascular processes during development 10, 23, 24 . To elucidate the nature of PDGFRβ + PVCs in islet tumours, we stained tumour tissue sections with an antibody for PDGFRβ and antibodies for mature pericyte markers (desmin, Fig. 1b; αSMA, Fig. 1c ; or NG2, Fig. 1d ; red) to visualize coexpression in vivo. Surprisingly, we observed only a partial overlap of PDGFRβ and the three mature pericyte markers, although all antibodies clearly stained cells that were in close contact with the vasculature (Fig. 1a-d) . We quantified the percentage of PDGFRβ + PVCs that expressed NG2 (Fig. 1e ) by fluorescent activated cell sorting (FACS) in tumours. We obtained three distinct cell populations from pancreatic tumours: 46% were PDGFRβ-positive but NG2-negative; 26% were double-positive for NG2 and PDGFRβ; and 28% only expressed NG2 but not PDGFRβ (Fig. 1e) . We then transferred FACS-isolated PDGFRβ + PVCs onto tissue slides to determine the percentage of desmin + , NG2 + or αSMA + cells (Fig. 2a , c, e) by immunocytochemistry. Congruently, only a subset of PDGFRβ PVCs expressed mature pericyte markers (Fig. 2a, c, e) , as 14-15% were either positive for desmin, NG2, or αSMA by immunohistochemical staining ( Fig. 2g ; day 0). The slightly higher number of NG2 + /PDGFRβ + cells revealed by FACS is very probably attributable to the specific FACS gate setting.
Thus, in Rip1Tag2 tumours, only a subset of PDGFRβ + PVCs expressed mature pericyte markers and a subset of mature pericytes did not express detectable levels of PDGFRβ. How can we explain these three distinct populations? PDGFRβ is not exclusively expressed in pericytes, but also is present on stromal fibroblasts. Pancreatic Rip1Tag2 tumours are, however, stroma-poor and contain very few fibroblasts 25, 26 . In addition, PDGFRβ + cells are all closely associated with blood vessels in tumours. An alternative explanation is that the subset of cells positive for both PDGFRβ and mature pericyte markers could be an intermediate, more differentiated cell pool that is derived from a progenitor pool, that is, PDGFRβ + PVCs, which then further mature into PDGFRβ-negative cells.
+ PVCs express RGS-5, a marker for developing and angiogenic pericytes/vSMCs If PDGFRβ + PVCs in tumours are indeed activated progenitor cells, then they should reflect the expression profile of developing pericytes.
We found mRNA of RGS-5 -a marker for developing activated pericytes/ vSMCs in the embryo 27, 28 -to be highly expressed in PDGFRβ + PVCs (Fig. 2h ), but markedly downregulated in the more mature NG2-positive pericytes (Fig. 2h) . Interestingly, RGS-5 is also expressed in activated pericytes in the adult at sites of physiological or pathological angiogenesis 29 .
Tumour-derived PDGFRβ
+ PVCs differentiate into mature pericytes To evaluate whether PDGFRβ + PVCs could be pericyte progenitors, we induced differentiation of PDGFRβ + PVCs in vitro. Tumour-derived isolated PDGFRβ + cells were very small with endothelial cells or tumour cells (Fig. 2a, c , e) and grew very slowly, but after 2 days started to spread out and enlarge, resembling the in vivo morphology of a pericyte with extensive cellular protrusions (Fig. 2b, d , f). After 7 days of culture, we observed a five-to sixfold increase in the number of NG2 + and αSMA + cells, but no increase in desmin + cells, compared with the PDGFRβ + cell population at day 0 (Fig. 2g) . To rule out that the increase in NG2 + and αSMA + cells is caused by selective growth of subpopulations, we cultured PDGFRβ + PVCs in the presence of the cell-cycle blocker mitomycin-C ( Fig. 2g; 7dM) . We did not observe any changes in the number of differentiated cells when compared with cells that were grown without mitomycin-C. The fact that PDGFRβ + PVCs are only able to differentiate into NG2 + or αSMA + cells suggests that they are progenitors for these pericyte subpopulations, or that essential conditions are missing that allow the differentiation into desmin + pericytes. (Fig. 3A) . Interestingly, endothelial cells and PDGFRβ + PVCs were in close physical contact within 0.5-1 h. Vascular tube formation occurred rapidly after 5-6 h and complex aggregates were observed after 14-18 h. During the formation of the capillary network, PDGFRβ + PVCs preferably clustered at branch points of endothelial tubes as seen in vivo in pancreatic islet tumours (Fig. 3A) . Recruitment of PDGFRβ + PVCs to the endothelial tubes was specific as βTC3 tumour cells, derived from Rip1Tag2 tumours, were unable to move towards blood vessels in vitro (Fig. 3A, e) .
We then monitored the vascular aggregates and quantified the number of mature pericytes at 1, 3 and 7 days of co-culture (Fig. 3B, d , h, l). After 1 day, we had already observed a twofold induction of NG2 + , αSMA + and desmin + cells, which increased three-to fourfold after 7 days (Fig. 3B , d, h, l). These cells showed typical features of mature pericytes as they elongated along and wrapped around endothelial tubes (Fig. 3B) . Notably, pericyte-covered vascular tubes with lumens formed when PDGFRβ + PVCs were cultured with endothelial cells, closely resembling blood vessels in vivo (Fig. 3B , b, k; yellow arrowheads).
Which factors induce PDGFRβ + PVC differentiation into pericytes? In vitro studies using mesenchymal and neural crest cell lines have implicated transforming growth factor-β (TGFβ) in smooth muscle cell and myofibroblast differentiation [30] [31] [32] . We found expression of TGFβ and its receptors TGFβRI and -RII on both tumour-derived endothelial cells and PDGFRβ + PVCs as determined by polymerase chain reaction with reverse transcription (RT-PCR) analyses (data not shown). However, vessel assembly and pericyte coverage still occurred upon co-culture of endothelial cells and PDGFRβ + PVCs in the presence of a neutralizing antibody for TGFβ (Fig. 3B , c, g, k), which successfully blocked differentiation of the mesenchymal 10T1/2 cell line into smooth-muscle-like cells 31 . Interestingly, whereas PDGFRβ + PVCs matured into desmin + and 24 and PDGFRβ + cells (red) in 3D Matrigel at different time points. Human microvascular endothelial cells (HDMECs) were labelled with a green fluorescent vital dye and PDGFRβ + cells, isolated from pancreatic tumours, with a red fluorescent vital dye and co-cultured in a 3D Matrigel. Vessel assembly was observed with a confocal microscope over a period of 18 h using time-lapse imaging. HDMECs were also cultured with the pancreatic islet tumour cells βTC3 over 18 h but these cells remained randomly distributed in the Matrigel (A, e). (B) Endothelial cell and PDGFRβ + cell cocultures form complex vascular tubes that are covered with mature periyctes leading to the induction of all three pericyte markers: NG2, desmin and αSMA. Endothelial cells 24 and PDGFRβ + cells (unlabelled) were co-cultured in Matrigel and the induction of NG2 (a-d), αSMA (e-h) and desmin (i-l) was visualized with red-labelled antibodies for the pericyte markers after 3 h (a, e, i) and 7 days in co-culture in the presence (b, f, j) or absence of TGFβ activity (c, g, k). Mature pericytes (red) elongate and wrap around endothelial tubes 24 as indicated by white arrowheads. Endothelial tubes form a vessel lumen (yellow arrowheads). The increase in mature pericytes at 1-, 3-and 7-day cultures was quantified by comparing the ratio of pericytes at 1, 3 and 7 days to the numbers of cells at 3 h of incubation (d, h, l). In the presence of neutralizing TGFβ antibodies, αSMA + cells, but not NG2 + or desmin + cells, were reduced by 40% in a 7-day culture (*P = 0.0066). Scale bars, 2.3 mm (A), 5 mm (B, a, e, i), 14.9 mm (B, b, f, j), 9.9 mm (B, c, g, k) . 
NG2
+ pericytes in the absence of TGFβ activity (Fig. 3B, d, l) , differentiation into αSMA + cells was reduced by 40% (Fig. 3B, h ). These data indicate that TGFβ affects PDGFRβ + PVC differentiation into αSMA (Fig. 3B, c, g, k) . Taken together, our results demonstrate that PDGFRβ + PVCs are a progenitor population of pericytes, and we therefore refer to them now as PDGFRβ Ten-week-old Rip1Tag2-Rag1ko/ko mice (n = 8) were subjected to rat anti-mouse PDGFRβ or saline (control) for 3 weeks. Mice were injected intravenously with FITC-labelled tomato lectin prior to sacrifice to visualize the vasculature in green. Subsequently, tumour sections of control and treated mice were stained with a red-labelled antibody for PDGFRβ (a, b), desmin (d, e), αSMA (g, h) or NG2 (j, k). In contrast to control tumours, very few pericytes were observed in treated tumours (red arrowheads). Pericyte-depleted blood vessels were enlarged and hyperdilated with vessels in control tumours (white arrowheads). Quantitative evaluation of the number of PDGFRβ + (c), desmin + (f), αSMA + (i) and NG2 + (l) cells was revealed on control and treated tumour sections by red antibody staining. The total area of red staining within the tumour boundaries within each image (7-13 images per set) was quantified using Improvision's Volocity 2.6.1. Statistical analysis was performed with an unpaired t-test comparing the pericyte coverage of control-treated to anti-PDGFRβ tumours. P values were considered statistically strongly significant (P < 0.01). Six to seven tumour images containing a total of over 7,000 cells per group were used to determine the apoptotic index of the total cell population and the endothelial cell population within tumours. Statistical analysis comparing the rat IgG control group to the anti-PDGFRβ-treated group was performed with a two-tailed, unpaired t-test and P values were considered statistically significant (*P = 0.0038 for total apoptosis; **P = 0.0059 for endothelial cell apoptosis). Scale bars, 9.7 mm (A), 9.9 mm (B, a, c) .
haematopoietic markers. By FACS analysis, we found that about 23% of PDGFRβ + PPCs from pancreatic Rip1Tag2 tumours were immunoreactive for stem cell antigen-1 (Sca1), which is expressed on haematopoietic stem cells, and this accounted for about half of the Sca1 + cells in the tumours (Fig. 4a) . Congruently, we found few small Sca1 + cells within blood vessels in the adjacent normal exocrine pancreas (Fig. 4b) , but numerous Sca1 + cells in close association with tumour vessels in the Rip1Tag2 tumours (Fig. 4c) . Furthermore, PDGFRβ + PPCs expressed modest mRNA levels for c-Kit and VEGFR1 as determined by RT-PCR analysis, and 9.7% were immunoreactive for CD11b as quantified by FACS (see Supplementary Information, Fig. S1 ). To reveal whether pericyte progenitors are indeed recruited from a haematopoietic source such as the bone marrow, we transplanted GFP-expressing bone marrow cells from syngeneic actin-GFP mice into irradiated 10-week-old Rip1Tag2 mice and analysed the tumours 4 weeks after bone marrow transplantation (Fig. 4d-j) . We identified about 1% of bone-marrow-derived GFP cells within the tumours of which many, but not all, were associated with the vasculature and expressed NG2 (Fig. 4d) . FACS analysis further confirmed the identity of GFP cells that expressed PDGFRβ and/or NG2 ( Fig. 4e): 16.6% were PDGFRβ-positive but NG2-negative, 14% were double-positive for NG2 and PDGFRβ, and about 40% expressed NG2 but not PDGFRβ (Fig. 4f) . Interestingly, we found that GFP/NG2 + cells were a subset of Sca1 + cells (Fig. 4g-i) , supporting our observation of perivascular Sca1 + cells covering blood vessels in the tumours (Fig. 4c) . In contrast, we did not observe any CD45 + or CD11b + cells that were positive for both NG2 and GFP, but identified a subset of CD45 + and CD11b + GFP cells that are likely to be leukocytes and macrophages. If Sca1 + cells had been recruited specifically to the tumour at perivascular sites with the potential to differentiate into pericytes, then bone marrow and tumour-associated Sca1 + cells should have the propensity to differentiate into pericytes. We therefore isolated Sca1 + cells from the bone marrow or pancreatic tumours of Rip1Tag2 mice, and co-cultured them with HDMECs (Fig. 4) . We then determined the incidence of NG2 + , desmin + or αSMA + cells after 5-day co-culture with a red fluorescently labelled antibody. Regardless of whether Sca1 + cells were derived from the bone marrow (Fig. 4k-o) or from the tumour (Fig. 4j) , associated with vascular tubes in a three-dimensional Matrigel culture (Fig. 4j-m) or were growing with endothelial cells as monolayers (Fig. 4n, o) , we found that a subset of Sca1 + cells was induced to express NG2 (Fig. 4j , k, m) or αSMA (Fig. 4l, o) , and to a much lesser extent desmin + pericytes (Fig. 4n) . Taken together, these data suggest that PDGFRβ + PPCs are partly derived from bone-marrow-derived Sca1 + cells that are recruited to the angiogenic vasculature of pancreatic tumours.
Inhibition of PDGFRβ signalling depletes pericytes in tumours and increases endothelial cell apoptosis If PDGFRβ
+ PPCs are able to mature into pericytes, then depletion of PDGFRβ + PPCs should lead to an overall reduction of tumour pericytes. We treated 10-week-old tumour-bearing Rip1Tag2 mice, which were bred into an immunocompromised background (Rip1Tag2-Rag1ko/ ko), daily with a neutralizing antibody for PDGFRβ or with control rat IgG for 3 weeks, then sacrificed the animals and analysed the morphology of the tumour vasculature and its pericyte coverage (Fig. 5A) . The results were provocative because we not only depleted PDGFRβ + PPCs from tumour vessels (Fig. 5A, a-c) , but also markedly reduced the appearance of mature desmin + (Fig. 5A, d-f ), αSMA + (Fig. 5A, g-i) , and NG2 + pericytes (Fig. 5A, j-l) . Quantitative evaluation of the number of pericytes by antibody staining (red) revealed an overall reduction of pericytes of 70-89% (Fig. 5A, c, f, i, l) , compared with pericytes in untreated tumours. Tumours of transgenic mice treated with rat IgG, however, did not exhibit any pericyte detachment (see Supplementary  Information, Fig. S2 ). In parallel with the absence of pericytes, tumour vessels were enlarged and hyperdilated, indicating that tumour pericytes have the capability to stabilize blood vessels (Fig. 5A, b, e, h, k) . In addition, we found a 1.5-fold increase in apoptotic cells in tumours and a subsequent reduction in tumour growth (see Supplementary Information,  Fig. S3 ) in anti-PDGFRβ-treated Rip1Tag2 mice when compared with rat IgG-treated mice (Fig. 5C) . The apoptotic cells in treated tumours were predominantly located within the vascular lining (Fig. 5B, c) , and co-staining of apoptotic cells with an antibody for CD31 identified them as endothelial cells (Fig. 5B, d) , whereas apoptotic cells in control tumours were more randomly distributed (Fig. 5B, a, b) . Quantitative analysis revealed that the majority of apoptotic cells were endothelial cells in tumours (85%) when mice were treated with anti-PDGFRβ-treated antibodies, whereas apoptotic cells in tumours of mice that had received rat IgG control consisted only of about 30% endothelial cells (Fig. 5C ). It is important to note that neutralizing PDGFRβ antibodies did not affect pericyte numbers or attachment in normal organs such as the pancreas and liver (data not shown). The very high levels of apoptotic endothelial cells in the tumour vasculature devoid of pericytes further support the notion that tumour pericytes have protective functions for endothelial cells, probably by expressing important endothelial survival factors such as vascular endothelial growth factor (VEGF). Indeed, we found that VEGF expression levels were sevenfold and fourfold higher in isolated PDGFRβ + and NG2 + pericytes, respectively, than in the whole tumour (Fig. 6c) . In addition, vascular cord formation occurred quickly after 6-10 h in a Matrigel vascular tube assay in the absence (Fig. 6a) and presence of PDGFRβ + cells (Fig. 6b) , but the bare endothelial tubes started to break and clump after 48 h, whereas endothelial cords with surrounding PDGFRβ + cells remained intact and stable until the experiment ended after 7 days of co-culture (Fig. 6a, b) . Therefore, PDGFRβ + PPCs and pericytes, which had differentiated from the PPCs during the 7-day incubation, stabilized and maintained the vascular tubes.
DISCUSSION
We have discovered a population of blood-vessel-associated PDGFRβ + cells in pancreatic Rip1Tag2 tumours that elicit pericyte maturation and vascular stabilization and survival. Interestingly, only 15-20% express the mature pericyte markers desmin, NG2 or αSMA, whereas mature pericytes in these tumours are devoid of PDGFRβ. Our in vitro and in vivo evidence supports the conclusion that perivascular PDGFRβ + cells are progenitors (PDGFRβ + PPCs) that have the capacity to differentiate into desmin + , NG2 + and αSMA + pericytes/vSMCs. Interestingly, we were able to dissect distinct differentiation pathways for pericytes. Whereas PDGFRβ + PPCs induced NG2 and αSMA when cultured alone, co-culture of PDGFRβ + PPCs with endothelial cells was crucial for the induction of desmin. We therefore propose that paracrine signalling circuits between endothelial cells and PDGFRβ + PPCs drive induction to desmin + pericytes in a cell-contact-dependent manner. The proposition of distinct key factors triggering pathways that give rise to various pericyte subtypes raises the question of the identity of such factors. TGFβ seems to be required for differentiation into αSMA + cells, because inhibiting TGFβ blocked differentiation to αSMA-positive pericytes, but not to desmin-and NG2-positive pericytes. Indeed, TGFβ appears to be involved in smooth muscle differentiation, since it induces αSMA in the immortalized neural crest stem cell line Monc-1 (ref. 32) and αSMA and SM22α, another contractile smooth muscle protein, in the mesenchymal cell line 10T1/2 (refs 31, 34) . Another crucial factor is PDGF-B. When we abrogated the PDGFRβ-signalling pathway by treating tumour-bearing mice with a neutralizing PDGFRβ antibody, we depleted the tumours not only of PDGFRβ + PPCs but also of mature pericytes. Our data demonstrate that tumours share striking similarities with embryos. Similar to pancreatic islet tumours, PDGF-B is expressed by sprouting capillary endothelial cells during developmental angiogenesis, whereas its receptor PDGFRβ is localized on pericytes indicative of a paracrine signalling circuit. As with anti-PDGFRβ-treated tumours, PDGF-B-or PDGFRβ-deficient mice exhibit a marked reduction in the number of pericytes/vSMCs 10, 11, 15, 16 , leading to hyperdilated blood vessels. In addition, fibrosarcomas transplanted into mice that cannot retain PDGF-B on the cell surface or in the extracellular matrix show fewer pericytes attached to the tumour vessels 35 , confirming the critical role of PDGFRβ signalling in pericyte activation and/or recruitment. In summary, these results support the hypothesis that pericytes in tumours, similar to those in the embryo, are formed de novo by maturation of undifferentiated perivascular cell progenitors recruited to the newly formed vasculature from bone marrow or from a pre-existing pool of pericytes. Abrogation of PDGFRβ signalling reduced the number of activated pericytes in tumours, whereas quiescent pericytes in normal tissues were not affected. A second implication from these data is that activated PDGFRβ + PPCs are inhibited from multiplying and differentiating into mature pericytes. This hypothesis also reflects the situation in development where disruption of PDGF-B/ PDGFRβ signalling hinders pericytes to expand and spread along the newly formed vessels due to their reduced proliferative and migratory capability 2 .
Where do PDGFRβ + PPCs in the tumours come from? A small pool of these cells may exist in the tissue that then becomes activated when blood vessels need to be formed. Alternatively or additionally, a subset of PDGFRβ + PPCs could be recruited from a different organ. Our novel finding that PDGFRβ + PPCs are also bone-marrow-derived parallels the concept that tumours may recruit endothelial cell precursors from bone marrow 36, 37 . PDGFRβ + PPCs express haematopoietic stem cell markers including Sca1, CD11b and c-Kit. Bone marrow transplant experiments and cultures of bone-marrow-or tumour-derived Sca1 + cells with endothelial cells revealed that it is the Sca1 + cell population from the bone marrow that is recruited to angiogenic sites of the tumour and then matures into pericytes. Bone-marrow-derived cells that cover blood vessels and are either positive for NG2, CD11b or CD45 were detected in a subcutaneous B16-melanoma xenograft tumour model 33 suggesting that the tumour type or location dictates which type of bone-marrow-derived cells are recruited to angiogenic sites. Taken together, these studies demonstrate that tumours are not only able to recruit endothelial precursor cells, but also pericyte precursor cells from the bone marrow during vascular remodelling.
Our results from anti-PDGFRβ-treated tumours also underline the functional importance of tumour pericytes. Pericyte-deprived tumour vessels were enlarged and hyperdilated, reminiscent of the phenotype in PDGF-B-or PDGFRβ-deficient embryos. These results imply that tumour pericytes, albeit less abundant or more loosely attached, still regulate vessel integrity, maintenance and function. The high increase in endothelial cell apoptosis, when pericytes are depleted from blood vessels, further strengthens the function of tumour pericytes in protecting endothelial cells, probably by expressing potent endothelial survival factors. One such factor, VEGF, which we found to be highly expressed in PDGFRβ + PPCs, harks back to the observation that in vitro pericyteassociated endothelial tubes are more stable and viable than endothelial cords without them. In agreement with this finding, immature blood vessels without pericytes are more sensitive to anti-VEGF therapy 38 . Moreover, our group and others demonstrated that receptor tyrosine kinase inhibitors that target both pericytes and endothelial cells by combinatorial inhibition of PDGFR and VEGFR signalling, are very efficacious even in late-stage disease, disrupting the established tumour vasculature and effecting tumour regression 20, 22, 39 .
METHODS
Visualization of vasculature.
To visualize blood vessels in tumours and normal tissue, mice were anaesthetized and injected intravenously with 0.05 mg FITClabelled or rhodamine-labelled lectin (Lycopersicon esculentum; Vector Laboratories, Burlingame, CA) before the heart was perfused with 4% paraformaldehyde and the pancreas was frozen in OCT medium and sectioned at 25 and 50 µm.
Immunohistochemical analysis. Mice were anaesthetized, hearts perfused with 4% paraformaldehyde, pancreases collected, frozen in OCT medium, and 15 and 50 µm sections prepared. Pericytes were identified using the following antibodies: mouse anti-human desmin (1:100; DAKO Corp., Carpinteria, CA), mouse anti-human smooth muscle actin (1:500; DAKO Corp.), rabbit anti-mouse NG2 (1:500; Chemicon, Temecula, CA), mouse anti-human CD140b/PDGFRβ (1:200, BD Biosciences Pharmingen, San Diego, CA), rat anti-mouse PDGFRβ (1:100, eBiosciences, San Diego, CA), rabbit anti-mouse PDGFRβ 40 and RPhycoerytherin (RPE)-conjugated rat anti-mouse Sca1 (1:200; BD Biosciences Pharmingen). Endothelial cells were visualized with a rat anti-mouse CD31 (1:100; BD Biosciences Pharmingen). For fluorescent visualization of the antibody reactions secondary AlexaFluor488-or AlexaFluor594-labelled secondary antibodies (1:200; Molecular Probes, Eugene, OR) were used. Photomicrographs were taken with a Zeiss LSM 510 confocal microscope, or a Zeiss Axiovert 2 microscope, using a Zeiss LSM 510 software (Zeiss, Thornwood, NY) or Openlab 3 software (Improvision, Lexington, MA) respectively. Levels in images were adjusted in Adobe Photoshop 7. The software program Volocity 2 (Improvision) was used to quantify pericyte coverage of blood vessels on tumour sections.
Apoptotic index. Apoptotic index was determined by TUNEL as previously described 41 . Reaction products were visualized with a red fluorescent antibody for Dixogenin (Roche, Alameda, CA). To reveal apoptotic endothelial cells, tumour tissues were labelled with FITC-tomato lectin. Eight fields of the respective sections were scored under immersion light microscopy (Zeiss Axiovert 2 microscope).
Isolation and preparation of pancreatic tumours. Mice were killed and tumours obtained from the pancreas. Tumours were minced with a razor blade and digested at 37 °C for 13 min with a 20 mL collagenase mix containing 0.2 g BSA (Sigma, St Louis, MO), 12,500 units Collagenase II, 12,500 units Collagenase IV, and 40 µl DNase I (Worthington Biochemical Corp., Lakewood, NJ). Cells from the digested tumours were passed through a 70 µm cell strainer and washed. Red blood cells were lysed with PharmLyse (BD Biosciences Pharmingen) and washed again. Cell pellets were resuspended in 1 × PBS plus 1% BSA. Cells were used for FACS analysis or for Dynal magnetic isolation. RNA isolation and RT-PCR analysis. FACS-sorted cells were collected in a cell lysis solution containing β-mercaptoethanol (QIAGEN Inc., Valencia, CA). RNA was isolated following RNeasy Mini Kit protocols (QIAGEN Inc.) and transcribed into cDNA using iScript (Bio-Rad, Hercules, CA). cDNA was used for both quantitative PCR with iQ SYBR Green Supermix (Bio-Rad) and qualitative PCR (Eppendorf, Westbury, NY).
Dynal magnetic isolation, cell tracking and co-culture. Cells derived from tumours or bone marrow were incubated with primary PDGFRβ antibody (1:100; eBiosciences) or primary Sca1 antibody (1:100; BD Biosciences) respectively, washed, and then incubated with secondary sheep anti-rat M450 antibody labelled magnetic beads (Dynal, Lake Success, NY). Isolated cells were cultured in Nunc Lab-Tek Permanox culture slides (Nalge Nunc International, Rochester, NY) in stem cell or smooth-muscle cell medium with a variety of growth factors, including PDGF-B, bFGF and TGFβ, for observation. In some experiments, isolated cells were also labelled with CellTracker Red (Molecular Probes) and combined with CellTracker Green (Molecular Probes)-labelled cultured endothelial cells (primary HMDEC (Cambrex, Braintree, MA) or SV40Tag-immortalized HDMEC (CDC.EU/HMEC1)) 42 at a 1:3 ratio. We did not observe any differences in tube formation between primary and immortalized HDMEC. In addition, HDMEC were co-cultured with the pancreatic tumour cell line βTC3 that had been derived from RIP1TAG2 tumours 43 . Cells were placed onto Permanox culture slides (Nalge Nunc International) on a thin layer of growth-factor-reduced Matrigel (BD Discovery Labware, Bedford, MA). Co-cultures with normal HMDEC cells required EGM-MV2 (Cambrex), whereas immortalized CDC. EU/HMEC1 cells were grown in MCDB131 (Gibco/Invitrogen) supplemented with l-glutamine and 10% FBS. In addition, time points of 18 h, 3 days, and 7 days were taken as well. For co-cultures that were later stained with specific antibodies for mature pericyte markers, only one of either the magnetically isolated PDGFRβ + cells, Sca1 cells or endothelial cells were stained with CellTracker Green (Invitrogen); primary and secondary antibodies mentioned above were used to identify the pericytes in the co-cultures. PDGFRβ + PPC were also cultured in the presence of 5-10 µg ml −1 mitomycin-C (Sigma) without causing cell toxicity.
Time-lapse imaging. To determine the kinetics of pericyte-endothelial cell assembly and interaction, confocal time-lapse movies were acquired on the confocal microscope Zeiss LSM 510 using a ×10 Plan Neofluar lens. Co-cultures were placed in a 37 °C chamber while confocal movies were collected every 5 min for 18 h.
Quantification of pericyte maturation from in vitro cultures and tissue sections. For in vitro cultures, endothelial cells were labelled with a green tracking dye and co-cultured with unlabelled PDGFRβ + perivascular cells. Mature pericytes were visualized with antibodies for desmin, NG2 or αSMA in red. Red and unlabelled cells were counted to reveal the percentage of red cells from the total cell population.
For tissue sections, fluorescent images of tumour sections were collected on a Zeiss Axioskop 2, with ×20 and ×40 Plan Neofluar lenses and a Zeiss Axiocam colour CCD. Red and green staining was quantitatively evaluated using Improvision's Volocity 2.6.1. Classifiers were established for each image and were used to measure the total area of red and green staining within the tumour boundaries within each image. The tumour boundary was manually outlined using the Freehand Selection Tool and then Measure Objects was applied within that selection.
Treatment of transgenic mice. Ten-week-old male and female Rag1-deficient Rip1Tag2 transgenic mice (C57/Bl6J background) were injected with a neutralizing rat anti-mouse PDGFRβ antibody (eBiosciences; 0.5 mg per mouse per day, intraperitoneally (i.p.)) or with total rat IgG (Jackson ImmunoResearch, West Grove, PA; 0.5 mg per mouse per day, i.p.) for 3 weeks. Trials using the neutralizing PDGFRβ antibodies were repeated twice. Mice were maintained in accordance with the UCSF institutional guidelines governing the care of laboratory mice, killed after the treatment period, and tumours were analysed.
Bone marrow transplant. Ten-week old Rip1Tag2 transgenic mice (C57/Bl6J background) were irradiated with a lethal dose of 9 Gy and reconstituted with retro-orbital injection of 2 × 10 6 bone marrow cells isolated from the femur of syngeneic actin-GFP mice (C57/Bl6J6-TgN ACTbEGFP; Jackson Laboratory, Bar Harbor, Maine). Four weeks after transplantation, Rip1Tag2 transgenic mice were killed and pancreatic tumour tissues harvested. Tumour tissues from 70% of mice were used for immunohistochemical analyses and 30% of the tumours were taken for quantitative FACS analyses. The experiments were performed twice with a total of 16 mice.
Statistical analysis.
All experiments were repeated two to four times. Statistical analyses were performed with a two-tailed unpaired Mann-Whitney test, or an unpaired t-test. P values < 0.01 were considered statistically significant. All calculations were performed using GraphPad Prism version 4.0a for Macintosh (GraphPad Software, San Diego, CA).
Note: Supplementary Information is available on the Nature Cell Biology website.
